The shapes of the petal curvature and two-dimensional (2D) petal shape of Eustoma flowers were quantitatively evaluated by Fourier transform analysis. Petal curvature was traced along the abaxial surface of petal midribs observed in the lateral view. The curved lines were transformed to Fourier coefficients and then subjected to principal component analysis. Petal curvature could be described using the first three principal components (PC), which accounted for 95% variation of overall PCs. The first and second PC described the opening angle of the flower and inward curvature of the middle the part of the petals, respectively. Petal shape could be described using the first two PCs, representing petal width and the position of the weighted center, respectively. A total of 122 cultivars and breeding lines were clustered based on Self-Organization Maps (SOMs) using the Fourier coefficients of petal curvature and petal shape. The SOM characterized four typical corolla shapes; 1) bowlshaped, 2) tall-cup-shaped, 3) trumpet-shaped, and 4) funnel-shaped corolla. The second PC of petal curvature showed a high correlation with the first PC of the 2D petal shape, indicating that the formation of petal curvature observed in bowl-and tall-cup-shaped corollas is associated with the wide shape of the petals.
Introduction
Flower shape is an important trait that directly affects the commercial value of products. In Eustoma grandiflorum (Raf.) Shinn., various flower shapes, sizes, and colors have been developed (Harbaugh, 2006) , and it has become a popular cut flower throughout the world. Wild Eustoma flowers have a bell-or funnel-shaped corolla, showing a different extent of outward curvature of the petals. Tsukada (1984) recognized four typical flower shapes in Eustoma cultivars: bell-shaped, funnelshaped, cup-shaped, and shallow-bowl-shaped. The shape of the flower is considered a quantitative trait with continuous variations controlled by multiple genes and is influenced by environmental factors (Bradshaw et al., 1998; Galliot et al., 2006; Hall et al., 2006) ; therefore, the flower shapes show marked variations and most fall between these typical shapes.
The overall shape of the corolla is composed of a mixture of the two-dimensional (2D) shape of each petal, three-dimensional (3D) outward or inward curvature of the petals, and the arrangement of the petals along the flower axis. To quantitatively evaluate the variations in the shape of the corolla, we analyzed the side view silhouette of the corolla from 216 Eustoma cultivars, and found that the corolla shape can be characterized by the opening angle and the curvature of the corolla outline. We also analyzed 2D images of petals of 8 selected cultivars, and found a correlation between the 2D shapes of individual petals and overall corolla shapes at anthesis (Kawabata et al., 2009 ). However, the method applied in that study could not evaluate the precise curvature of the petals because the curvature of the petals themselves could not be traced by the method. In intact flowers, the five petals comprising a corolla overlap so that a petal's outline curves, especially at the distal ends of the petal, are masked by other petals and cannot be seen from the side view. To avoid this problem, it would be preferable to use an isolated single petal and trace the outline curvature from the side view for improved quantification.
One of the most successful approaches to quantitatively evaluate the shape of a plant is a method using Fourier transform and principal component analysis (FT-PCA). The combination of these methods can extract independent shape characteristics. This method has been applied to various plant organs, such as citrus leaves , soybean leaflets (Furuta et al., 1995) , buckwheat kernels (Ohsawa et al., 1998) , Primula, pansy and Eustoma petals (Kawabata et al., 2009; Yoshioka et al., 2004 Yoshioka et al., , 2006a , and radish roots (Iwata et al., 1998) . The disadvantage of the method is that it can be applied only to closed curves and is not suitable for assessing open curves. To apply FT-PCA to the quantification of the outline trace of petal curvature, which is an open curve, a modified approach was necessary.
In this study, we developed a modified FT-PCA to improve the quantification of petal curvature and investigated the relationship between petal curvature and the two-dimensional shapes of petals of Eustoma flowers.
Materials and Methods

Plant materials
Fifty-two cultivars ( Table 1 ) and 70 breeding lines of single-flowered Eustoma were used in this study. Plants of 41 cultivars were grown at the Agricultural Technology Research Center, Hiroshima Prefectural Technology Research Institute, 77 were grown at the Vegetable and Ornamental Crops Experiment Station in Nagano Prefecture, and 4 were grown in a greenhouse at the University of Tokyo. Three to five flowers of each cultivar or breeding line were collected at anthesis.
Quantitative analysis of petal curvature by Fourier descriptor and principal component analysis
To record the intact petal curvature at the midrib of the petal forms, four petals of one flower were removed or bent outwards carefully to leave one petal in the original position. The outline curve of the remaining petal was photographed from the horizontal lateral side using a digital camera (Fig. 1A) . The contour of the image of the curved petals was extracted using Photoshop (Adobe Systems Inc., San Jose, USA). The images were rotated such that floral axis was perpendicular to the base of the computer screen, and converted into a binary image. From these images, the outline of petal curvature from the base to the end along the abaxial side of the petals was extracted by the contour-tracing method (Fig. 1B) . The trace consisted of a series of pixels started from the basal position of the outline curve to the tip end, and then returned to the original basal position following the same route, thereby making a closed loop applicable for Fourier transform. These closed traces were transformed into chain codes according to Freeman (1974) to minimize the data size. The original traces, expressed as a series of x and y coordinates, were reconstructed using these chain codes.
The traces were projected onto a complex plane so that the petal base anchor was located at the origin of the coordinate, x as a real number, y as an imaginary number. The total length of each loop was normalized to 1 and divided into 256 parts. The coefficients of the Fourier descriptor were then calculated by applying the discrete Fourier transform (DFT) to a series of 512 points constituting a closed loop. By DFT, 512 coefficients were obtained for each coordinate, but not all of the coefficients were necessary to reconstruct sufficiently accurate original forms by reverse-DFT. In this study, the first 20 coefficients of each coordinate were enough to reconstruct the original form (harmonic number of 20). All calculations were performed using R programming language.
Quantitative analysis of petal shape by program SHAPE To evaluate the two-dimensional shapes of the petals, digital images of the shapes of five petals from each flower were obtained using a scanner (CanoScan LiDE50, Canon Sales Co., Inc., Tokyo, Japan). The images were processed using a R version of 'SHAPE' program developed by , in which the shapes are analyzed according to the elliptic Fourier transform. The shape of each petal was approximated using the first 20 harmonics, and thus 80 standardized coefficients of DFTs were calculated (three of them are related to the rotation of petals shapes). Subsequently, PCA was performed. The variation of the petal shapes due to each principal component score (PC) was visualized by reconstructing the shapes using the Fourier coefficients calculated for means ± 1.5 standard deviation (SD) PC score.
Non-hierarchical clustering of cultivars and breeding lines based on petal curvature and shapes To cluster the cultivars or breeding lines based on petal curvature and shapes, we used self-organizing maps (SOMs) (Kohonen, 1995) . To eliminate the loss of information regarding shape, all coefficients of DFTs for petal curvature and petal shape were used for SOM calculation.
Results
Quantitative analysis of petal curvature and contour petal shape The outline petal curvature was evaluated by the modified FT-PCA developed in this study. A series of Fourier coefficients expressing the outline curvature was subjected to PCA to summarize the Fourier coefficients ( Table 2 ). The first, second, and third PC scores counted for 82.5%, 10.4%, and 4.2% of the total PC variations, respectively.
To visualize the shape feature described by each PC score, the PC score was set as the mean ± 1.5 SD and other PC scores as the means (Fig. 2) . The Fourier coefficients corresponding to these PC scores were calculated and then the shape was reconstructed. The first two PC scores represented 1) the degree of flower opening angle formed by the petal and the flower axis, 2) inward curvature of the middle part of the petal. The third PC score was the PC score related to the inward curvature of the middle part of the petals; however, the contribution of this PC score to the total shape variation was minor as compared with the second PC.
The contour shape of the petals was evaluated by the SHAPE program. The first and second principal components (PCs) accounted for 87.8% and 7.7% of the overall petal shape variation ( Table 2 ). The contour shape of petals reconstructed using these PC scores (Fig. 2) indicated that the first PC score corresponded to the relative petal width to the length (wide or narrow), and the second to the position of the weighted center (triangular or ellipsoidal).
Relationship between petal curvature and petal shape contour
To see the relationship between petal curvature and petal shape contour, all cultivars and breeding lines were clustered by the SOMs. The average shape of each group was visualized by reconstructing the shapes using the average Fourier coefficients for each group (Fig. 3) . Four groups at the corners of the SOM map represented characteristic shapes: 1) bowl-shaped corolla: large shape was reconstructed based on the coefficients calculated using the principal component scores as the mean +1.5 standard deviation (SD), mean (Mean), and the mean −1.5 SD, and setting the scores on the remaining components to zero. Each curved petal shape was reconstructed from coefficients calculated by letting the score for the corresponding principal component be equal to its mean and to its mean +1.5 SD, Mean, and mean −1.5 SD with the other score set as the mean.
opening angle, curved petals, 2) tall-cup-shaped corolla: small opening angle, curved petals, 3) trumpet-shaped corolla: large opening angle, high degree of petal recurvature, and 4) funnel-shaped corolla: small opening angle, low degree of petal curvature. The SOM map also revealed an association between the petal outline curvature and 2D petal shapes. While the bowl-shaped and tall-cup-shaped types, which exhibited a higher degree of inward petal curvature, had wider petals, the funnel-shaped and trumpet-shaped types, which exhibited a lower degree of petal curvature at the bottom or a high degree of petal recurvature, had narrower petals. Such relationships were confirmed by the highly significant correlations between the second PC of petal curvature and the first PC of the petal shape (Table 3) ; however, no apparent difference in petal shape was found between the funnel-shaped and trumpet-shaped types and between the bowl-shaped and tall-cup-shaped corollas.
Discussion
In this study, we aimed to quantify the characteristic features of flower shapes in Eustoma flowers. The basis of the analysis was to describe the outline curve of the petals as a mathematical formula using Fourier descriptors. Any arbitrary closed curve can be described as a periodic function by tracing the outline, regarding one circuit as one period of the wave. The obtained periodic functions can be expressed in a Fourier series. The periodic function can be a series of coordinates corresponding to points along the curve (Granlund, 1972; Kuhl and Giardina, 1982) or a series of angle made by each sector of the polygonal line fitted to the curve (Zahn and Roskies, 1972) ; however, these methods are basically applicable only to closed curves, because the start and end points of a period are connected in periodic functions. Zheng et al. (2005 Zheng et al. ( , 2008 applied Fourier transform to open curves when analyzing partial petal shapes of the sacred lotus and the bending curve of rice sprout leaves, using P-type Fourier descriptors; however, the approximation of the curve using P-type Fourier transform is often unsatisfactory at the ends of the open curve. In our study, continuous periodic functions were obtained by reciprocally tracing the outline curves of the petals, one round-trip tracing corresponding to one period. Using this closed curve, elliptic Fourier transform can be applied for digitalization of the open curves, as reported by Kuhl and Giardina (1982) .
The calculated Fourier coefficients representing the petal curvature were subjected to PCA and the PC scores representing characteristic features of the petal curvature were obtained. Variations in petal curvature were characterized mainly by two PC scores, representing 1) the opening angle of the flower, 2) inward curvature of the middle part of the petals, which is characteristic of cup-and bowl-shaped corollas (Table 2, Fig. 2) . The 2D shapes of the petals were also evaluated using the SHAPE program, and it was found that the shape of the petals can be defined mainly by two PC scores, representing 1) the relative width of the petals to the length, and 2) the position of the greatest width along the petal length. The results of the petal shape were in agreement with the previous report (Kawabata et al., 2009; Yoshioka et al., 2006b) . To see the relationship between petal curvature and contour petal shape, all the cultivars and breeding lines were clustered by a non-hierarchical clustering method, SOM, which is useful for visualizing multivariate data because similar data are arranged adjacently on the map. Clustering by SOM revealed a close association between the petal outline curvature and 2D petal shape. Corollas displaying an inward curvature at the bottom, such as bowl-shaped and tall-cup corollas, tended to have wider petals, while those that were straight or showed recurvature, such as funnel-and trumpet-shaped corollas, tended to have narrower petals. Coen and co-workers addressed how cell growth influences the shape of plant organs (Coen et al., 2004; Nath et al., 2003; Rolland-Lagan et al., 2003) . Nath et al. (2003) discussed the example of an expanding flat disk. While a uniformly expanding disk retains a flat shape during expansion, more rapid growth in the center region as compared with marginal regions results in a cup-shaped surface. A similar process is involved in the formation of the 3D structures of the Eustoma corolla. When the middle part of the petal grows more rapidly than the marginal parts, petal shapes become wide, especially in the middle, and this leads to a curved bowl-like shape.
By contrast, 2D petal shapes exhibited no apparent correlation with the opening angle of corollas and trumpet-like recurvature of petals in the marginal areas of the corolla. Such structures may be formed during petal growth, which could not be measured by the method used in this study. In some cultivars, the marginal part of the petals showed waves, and in other cultivars, the center part of the petals had a domed structure, so that these petals could not be flattened on a scanner during 2D shape measurements of the petals; therefore, the images taken by the scanner did not represent the precise shapes of the petals. To understand the underlying process that leads to the formation of three-dimensionally curved petals, it would be necessary to evaluate the possible non-uniform growth among the different parts of the petals.
In the present study, we could successfully quantitatively evaluate petal outline curvature by 1) recording petal outline curvature by tracing the abaxial side of the petal midribs from the lateral view, 2) describing the obtained curves by the modified FT approach, and 3) summarizing the Fourier coefficients by principal component analysis. The detailed curvature of Eustoma petals could be reconstructed using a small number of PC scores, using which a close association between the petal 2D shapes and the overall petal outline curvature was found. The quantitative description of petal curvature can be used not only for investigating the underlying process responsible for the formation of various flower shapes, but also for recording corolla shapes as quantitative values, which would help QTL analysis of characteristic corolla shapes, establishment of DNA markers, and breeding. The technique may be applicable not only to Eustoma, but to many other ornamental crops.
